Molecular dynamics simulations were performed to study the effects of Si solute on the glass formation and crystallization of Pd liquid. Pure Pd sample prepared by quenching process with cooling rate of 10 13 K/s can be in an amorphous state but the structural analysis indicates there is nearly no glass-forming motif in the sample.
I. Introduction
Since the first striking success in synthesis of metallic glass (MG) as early as 1960s [1] , bulk MG has attracted a great deal of attentions due to its extraordinary mechanical properties [2] [3] [4] [5] [6] [7] [8] [9] [10] . Nowadays, one of the major challenges is to achieve MG state in monoatomic metals. Because the glass-forming ability (GFA) of monoatomic metals is extremely weak, the cooling rate required for forming bulk MG in such systems is usually much faster than that can be achieved by conventional experimental quenching methods. Several years ago, Zhong et al. [11] have developed an experimental technique to achieve ultrafast cooling rate up to 10 14 K/s and successfully obtained metallic glass for tantalum.
On the other hand, high cooling rate is more suitable for molecular dynamics (MD) simulations. Cooling rate in common MD simulation is about 10 10 K/s or higher.
Hence, MD simulation can be applied to investigate the structure and glass formation of pure metals at ultrahigh cooling rates. Meanwhile, the atomic trajectories from the MD simulations can provide much more detail information and insights into the glass formation and crystal nucleation process, e.g., through the recently developed cluster alignment method [12] , which is a very reliable tool to identify the short-range order (SRO) and medium-range order (MRO).
In recent years, a lot of experimental [13] [14] [15] [16] [17] [18] and theoretical studies [19, 20] have been devoted to Pd and Pd-Si systems. Using the experimental approach of Ref.
11 discussed above , monatomic metal palladium is still unable to form glass state even under the ultrafast cooling rate of 10 14 K/s [11] . It is interesting to predict and estimate the cooling rate required for vitrifying pure Pd by MD simulations. On the other hand, it has been demonstrated that the binary Pd80Si20 alloy has an excellent GFA. Therefore, it is of great interest to investigate how a small amount of Si solutes can affect the glass formability in Pd.
Although the Pd-Si system with different composition of Si has been studied by some MD simulations [21, 22] , detailed analysis of atomic structure of Pd under influence of small amount of Si solutes is still very limited. Recently, first-principles MD calculation [23] demonstrated that two types of Si-centered motifs dominate the SRO of Pd82Si18. One is a trigonal prism capped with three half-octahedra (Z9), and the other is archimedean anti-prism (Z10). These clusters tend to connect with each other and form a network, playing an important role in glass formation of Pd82Si18.
For the Pd-Si system with very small Si concentration (i.e., atomic Si concentration from 2% to 5%), it is of interest to study the existence of these glass-forming Z-clusters and their spatial distribution, which could provide more insights into the solidification process in Pd-Si system.
In this paper, the atomic structure of pure Pd and Si-doped Pd with different Si concentration (2%, 3%, 4%, 5%) under extremely high cooling rate is studied by MD [24] . It is also found that these glass-forming clusters tend to aggregate and form a network structure in the Pd1-xSix samples.
II. Method
MD simulations of pure Pd and Pd1-xSix intermetallic alloys are performed using LAMMPS software package [25] . The semi-empirical Pd-Si potential based on Embedded Atom Method (EAM) of Finnis-Sinclair (FS) type [26] is used in the simulations. The isothermal-isobaric ensemble (NPT, N=5000 atoms, P=0) and a Nose-Hoover thermostat are utilized throughout the sample preparation. Periodic boundary conditions are used. The time step for integration in the MD simulations is 2.5 fs. First, all the samples are equilibrated at 2000 K for 2 ns and then quenched to 300 K at different cooling rates. To eliminate the effect of atomic thermal motions, the snapshots over 500 ps are collected to calculate the averaged structure of the sample at T=300K. For structural analysis at other temperatures, the inherent structures which are obtained by freezing the sample rapidly are used.
In order to classify the SROs in the MD samples, we employed the cluster alignment method [12] to analyze the similarity between the clusters in the sample and the known templates. The atoms at the first shell around every Pd or Si atoms are extracted from the MD samples and these Pd-and Si-centered clusters are aligned against the templates, e.g., HCP, FCC and BCC, etc. The corresponding alignment score is defined as [12] = min
where N is the number of the neighbor atoms in the template. ⃑ and ⃑ are the atomic positions in the aligned cluster and template, respectively. This score represents the similarity between the aligned cluster and the template, i.e., the smaller the score is, the more similar is the cluster to the template. Here is chosen between 0.8 and 1.2 to vary the size of the template for an optimal alignment. Thus, for one specific template, we can count the number of clusters with the corresponding alignment score in the interval [ , + ∆ ] and divide it by total number of clusters,
and then obtain the alignment score distribution function ( ). For assigning the clusters to the given motif, an alignment score cutoff of 0.16 is used here, i.e., we count the number of clusters with alignment score s < 0.16 against one specific template to calculate the fraction of SRO. Moreover, if a cluster has alignment scores less than the cutoff for more than one templates, the cluster is assigned to the template with the lowest alignment score.
III. Results and Discussions

Pure Palladium Samples
Comparison of the total structure factor S(q) from MD simulation with experimental measurement is the most convenient metrics to check whether the semi-empirical potential is good or not to study the atomic structure of liquid and glass samples. Due to the lack of the experimental data of binary Pd1-xSix liquids and glasses with mall x, we only calculated the S(q) of pure liquid Pd sample using the semi-empirical Pd-Si EAM potential to compare with S(q) obtained from the experiment [27] . Fig. 1 shows the calculated and the experimental S(q) of pure liquid
Pd at the temperature of 1853K. One can observe that the total structure factor calculated from our MD simulation agrees well with the experimental data, which is an essential requirement of the reliable MD simulations in the following calculations.
To investigate the phase transition of pure Pd as the function of temperature, the evolution of instantaneous potential energies E-3kBT of MD sample for cooling at different rates (10 13 K/s, 10 12 K/s, 10 11 K/s and 10 10 K/s) are shown in Fig. 2(a) . It is well-known that the energy of ICO SRO is lower than that of close-packed HCP or FCC with Lennard-Jones interaction. Many experiments [28] [29] [30] [31] [32] and theories [33] [34] [35] [36] [37] [38] have demonstrated that there are ICO clusters in the metallic liquids and glass samples. Furthermore, the main structural feature of ICO is the 5-fold local symmetry and it is believed that the glass formation of the metallic material is highly correlated with the local 5-fold symmetry atomic structure. Consequently, the Z-clusters [39] which have 4, 5 and 6-fold local symmetries should be considered in the structural analysis of glassy samples. In order to investigate the SROs in the amorphous Pd samples obtained from the MD simulations and find out whether the amorphous phase is in metallic glassy state or not, we utilized the cluster alignment method to identify the dominant motifs around Pd atoms.
The distributions of alignment scores against the most common templates for the sample with cooling rate of 10 13 K/s are shown in Fig These results clearly demonstrate that small amount of Si solutes in Pd can strongly affect the behavior of Pd metal upon cooling process, i.e., the existence of a small number of Si atoms could hinder the crystallization process and drive the Pd1-xSix sample into amorphous state.
Next, we study the atomic structure of the amorphous phases in Pd0.95Si0.05 sample at T=300K prepared by cooling at the rate of 10 12 K/s. Fig. 4(a) 9.5. We note that the Z9-like motif has been found in Pd82Si18 alloy by pair-wise alignment method [23] . Mixed-ICO-Cube motif with coordination number 10 has also been found in Ni64.5Zr35.5 alloy recently [24] . Therefore, we use these two motifs as templates to characterize the Si-centered clusters. cluster with the same Voronoi index, we named this motif as 'Z9-like'. The Z9-like cluster has both crystalline and glassy characters. As shown in Fig. 4(d) , the atoms Pd2, Pd3, Pd4 and Pd6 formed a nearly square surface. Also, the atoms Pd5, Pd7, Pd8
and Pd9 formed another nearly square surface which rotates about 45 degrees relative to the former square. Moreover, the atom Pd1 just locates at the BCC center of the cubic has one face formed by Pd5, Pd7, Pd8 and Pd9. Thus, the Z9-like cluster has the character of the cubic crystal. On the other hand, the nine Pd atoms surrounding the Si center present the character of ICO cluster, i.e., the atoms Pd5, Pd7, Pd8 and Pd9 with their Pd neighbors have the structure with 5-fold symmetry and they form 12 triangle faces similar to the 20 triangle faces in ICO. Therefore, from this perspective, the Z9-like cluster could be regarded as a mini version of ICO motif with some distortions. From the above structural analysis, it suggests that the Z13 and Z9-like clusters are both glass-forming motifs and the obtained amorphous Pd1-xSix sample with the dominant Pd-centered Z13 and Si-centered Z9-like motifs is in metallic glass phase.
To demonstrate the influence of Si solutes on the atomic structure more clearly, the fractions of various SROs in Pd1-xSix sample at T=300K under the cooling rate of The competition between glass-forming motifs and crystalline motifs can also be seen in the cooling rate dependence of SROs, as illustrated in Fig. 7 . For Pd0.95Si0.05
sample, when the cooling rate ≥10 11 K/s the fraction of Si-centered Z9-like motif is saturated while the Pd-centered Z13 and Si-centered Mixed-ICO-Cube clusters continue to grow with the increase of the cooling rate. In contrast, the Si-centered HCP and FCC completely disappeared and the fractions of Pd-centered HCP and FCC continue to decrease with the increase of cooling when the cooling rate ≥10 11 K/s. It is interesting to note that the fraction of Pd-centered Intertwined-Cube motif increases to ~15% as cooling rate ≥10 11 K/s although this SRO belongs to crystalline motif.
With the ultrafast quenching (≥10 11 K/s), the fraction of this motif in solid sample is just close to the value of pure Pd liquid state (~14.5%, as shown in Fig. 2(d) ), implying that the Intertwined-Cube clusters in the liquid state survived in the solidification. Moreover, because Intertwined-Cube motif has a structure of two BCC cubes with titled interpenetrating each other, it can be regarded as an incomplete crystalline motif. When cooling rate is reduced (<10 11 K/s) it has enough time to relax and lower its energy states, i.e., it transforms into other perfect crystalline motif, which could be inferred from the Fig. 7(a) .
Finally, although the glass-forming Z13, Z9-like and mixed-ICO-Cube clusters with 5-fold local symmetry are the dominant SROs in the Pd1-xSix sample, the packing of these SROs, i.e., medium-range order, is believed to determine the mechanical response of the metallic glass. For example, the well-known Cu-Zr system has excellent strength and elastic limit. The structural analysis [40] [41] [42] shows that the ICO clusters in metallic glass Cu-Zr system tend to connect with each other and form a network structure, which enhanced the mechanical properties of materials under deformation. In Pd1-xSix system, it is interesting to study the spatial distribution of Pd-centered Z13 and Si-centered Z9-like and Mixed-ICO-Cube clusters. 
